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ABSTRACT
We study the kinematics of the M87 jet using the first year data of the KVN and VERA Array (KaVA)
large program, which has densely monitored the jet at 22 and 43 GHz since 2016. We find that the
apparent jet speeds generally increase from ≈ 0.3c at ≈ 0.5 mas from the jet base to ≈ 2.7c at ≈ 20
mas, indicating that the jet is accelerated from subluminal to superluminal speeds on these scales.
We perform a complementary jet kinematic analysis by using archival Very Long Baseline Array
monitoring data observed in 2005 − 2009 at 1.7 GHz and find that the jet is moving at relativistic
speeds up to ≈ 5.8c at distances of 200 − 410 mas. We combine the two kinematic results and find
that the jet is gradually accelerated over a broad distance range that coincides with the jet collimation
zone, implying that conversion of Poynting flux to kinetic energy flux takes place. If the jet emission
consists of a single streamline, the observed trend of jet acceleration (Γ ∝ z0.16±0.01) is relatively slow
compared to models of a highly magnetized jet. This indicates that Poynting flux conversion through
the differential collimation of poloidal magnetic fields may be less efficient than expected. However,
we find a non-negligible dispersion in the observed speeds for a given jet distance, making it difficult to
describe the jet velocity field with a single power-law acceleration function. We discuss the possibility
that the jet emission consists of multiple streamlines following different acceleration profiles, resulting
in jet velocity stratification.
Subject headings: galaxies: active — galaxies: individual (M87) — galaxies: jets — radio contin-
uum:galaxies — relativistic processes — techniques: interferometric
1. INTRODUCTION
Active galactic nuclei (AGNs) often produce highly
collimated relativistic jets (e.g., Blandford et al. 2019).
Apparent superluminal motions are seen in these jets
with speeds observed up to tens of times the speed of
light (c, e.g., Lister et al. 2016; Jorstad et al. 2017). This
indicates that the intrinsic bulk velocity is likely a large
fraction of c. It is widely believed that the jets, after they
are launched in the vicinity of the central supermassive
black holes by the accretion of matter (Meier 2012), are
collimated and accelerated simultaneously at distances
. 104 − 106 RS, where RS is the Schwarzschild radius
(e.g., Meier et al. 2001; Marscher et al. 2008). Very long
baseline interferometry (VLBI) observations which pro-
vide a high angular resolution have been extensively used
to study the jet acceleration and collimation mechanism
(e.g., Homan et al. 2015).
M87 is the bright nucleus of the Virgo cluster and is
a primary target for studies of AGN jets. The black
hole shadow revealed by recent Event Horizon Tele-
scope (EHT) observations (EHT Collaboration et al.
2019a,b,c,d,e,f) confirms the existence of the supermas-
sive black hole of mass of MBH = (6.5 ± 0.7) × 109M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Summary of KaVA observations in 2016
Exp. Code Obs. Date Stations Beam size (mas×mas, deg) Ipeak (Jy/beam) Irms (mJy/beam) Dynamic Range
(1) (2) (3) (4) (5) (6) (7)
22 GHz
k16mk02a 2016 Feb 25 (56d) KaVA 1.34× 1.20,−6.1 1.41 0.42 3300
k16mk02c 2016 Mar 09 (69d) KaVA 1.42× 1.20,−0.2 1.42 0.50 2805
k16mk02e 2016 Mar 21 (81d) KaVA 1.50× 1.25,−12.0 1.45 0.51 2860
k16mk02g 2016 Apr 08 (99d) KaVA 1.35× 1.16,−10.3 1.29 0.30 4336
k16mk02i 2016 Apr 21 (112d) KaVA 1.32× 1.23,−10.9 1.28 0.36 3630
k16mk02k 2016 May 03 (124d) KaVA 1.35× 1.10,−13.4 1.17 0.32 3748
k16mk02m 2016 May 23 (144d) KaVA 1.27× 1.10,−12.6 1.15 0.32 3646
k16mk02q 2016 Jun 13 (165d) KaVA 1.25× 1.13,−3.1 1.21 0.68 1776
43 GHz
k16mk02b 2016 Feb 26 (57d) KaVA 0.76× 0.63, 16.2 1.10 0.42 2624
k16mk02d 2016 Mar 10 (70d) KaVA 0.79× 0.68,−0.24 1.08 0.44 2405
k16mk02f 2016 Mar 20 (80d) KaVA 0.72× 0.64,−30.3 1.04 0.33 3255
k16mk02h 2016 Apr 09 (100d) KaVA 0.71× 0.62,−7.5 0.95 0.35 2665
k16mk02j 2016 Apr 22 (113d) KaVA 0.70× 0.61,−26.0 0.90 0.38 2390
k16mk02n 2016 May 24 (145d) KaVA 0.64× 0.57, 2.1 0.86 0.48 1794
k16mk02p 2016 Jun 02 (154d) KaVA, -MIZ 0.83× 0.65, 43.1 0.82 0.42 1978
k16mk02r 2016 Jun 15 (167d) KaVA 0.71× 0.52,−34.0 0.78 0.62 1240
Note. — (1) Experiment code of KaVA observations. (2) Observation date. Those in the parentheses denote the number of days elapsed
since 2016 Jan 1. (3) Stations participating in observations. KaVA means that all seven stations successfully participated in observations. In
the observation performed on 2016 Jun 02 at 43 GHz, the VERA Mizusawa station (MIZ) could not participate due to technical problems.
(4) Full width at half maximum of the synthesized beam of M87 data with a natural weighting scheme. (5) Peak intensity of M87 with
a natural weighting scheme. (6) Off-source rms noise of M87 maps with a natural weighting scheme. (7) Dynamic range of M87 images
calculated from Ipeak/Irms.
(EHT Collaboration et al. 2019f, see also Gebhardt et
al. 2011). It is located at a distance of 16.8 Mpc (EHT
Collaboration et al. 2019c; based on distance measure-
ments of Blakeslee et al. 2009; Bird et al. 2010; Cantiello
et al. 2018), giving a scale of 1 mas ≈ 130 RS. Previous
VLBI observations revealed that the jet shows an edge-
brightened morphology and that the apparent jet open-
ing angle becomes larger at smaller distances from the
core on mas scales (up to & 100◦ at ≈ 0.1 mas from the
core, e.g., Reid et al. 1989; Junor et al. 1999; Hada et al.
2016; Kim et al. 2018; Walker et al. 2018), indicating that
the jet is being substantially collimated. The collimation
continues at larger distances up to about 400 mas follow-
ing a semi-parabolic profile of R ∝ z0.56, where R and z
denote the jet radius and distance from the jet launching
region, respectively (Asada & Nakamura 2012; Hada et
al. 2013; Nakamura & Asada 2013). Recent general rel-
ativistic magnetohydrodynamic (GRMHD) simulations
(Nakamura et al. 2018) and a study of Faraday rotation
in the jet (Park et al. 2019) suggested that an exter-
nal medium surrounding the jet, possibly non-relativistic
winds launched from the accretion flows, may play a dy-
namical role in the jet collimation process (see also Tseng
et al. 2016; Boccardi et al. 2016, 2019; Algaba et al. 2017;
Pushkarev et al. 2017; Akiyama et al. 2018; Giovannini et
al. 2018; Hada et al. 2018; Nakahara et al. 2018, 2019a,b;
Kovalev et al. 2019 for a recent progress in jet collimation
studies of other sources).
While the jet collimation profile is constrained pre-
cisely in a broad range of jet distances, the jet accel-
eration profile is under debate. Superluminal motions
of several components at apparent speeds up to ≈ 6.1c
at optical wavelengths (Biretta et al. 1999) and up to
≈ 5.1c at radio wavelengths (Cheung et al. 2007; Giro-
letti et al. 2012; Hada et al. 2015) are observed in a re-
gion known as HST-1, which is almost coincident with
the Bondi radius (Russell et al. 2015). This region is lo-
cated at an angular distance ∼ 900 mas from the core
and has been a source of active study for decades (e.g.,
Harris et al. 2003, 2009; Stawarz et al. 2006; Cheung et al.
2007; Bromberg & Levinson 2009; Nakamura et al. 2010;
Giroletti et al. 2012; Nakamura & Meier 2014; Levin-
son & Globus 2017). The jet apparent speeds become
smaller beyond this location (Biretta et al. 1995, 1999;
Meyer et al. 2013), implying that the jet acceleration
mostly occurs before HST-1. Kovalev et al. (2007) re-
ported subluminal motions of several components within
the distance of ≈ 25 mas from the monitoring of the jet
over ≈ 12 years at 15 GHz with the Very Long Baseline
Array (VLBA). Similar results of very slow or no appar-
ent motions were obtained at lower observing frequencies
(Reid et al. 1989; Dodson et al. 2006). Asada et al. (2014)
found that the jet motions remain subluminal until ≈ 200
mas and the jet is substantially accelerated to relativistic
speeds between ∼ 200 and ∼ 400 mas by using the data
observed in three epochs in 2007–2009 at 1.6 GHz with
the European VLBI Network. However, recent studies
using densely-sampled data with the VLBA at 43 GHz
(Mertens et al. 2016; Walker et al. 2018) and with KaVA
(KVN and VERA Array, Niinuma et al. 2014; Zhao et
al. 2019) at 22 GHz (Hada et al. 2017) have detected
superluminal motions at distances . 20 mas, which is
in contradiction with the earlier studies. Additionally,
these studies showed that the jet is substantially accel-
erated already at projected distances & 0.5 mas.
To resolve this discrepancy and to constrain the jet
acceleration profile more accurately, we started a dedi-
cated monitoring program of M87 in the framework of a
KaVA Large Program in 2016 (Kino et al. 2015a; Hada
et al. 2017). In this program, M87 is observed biweekly
over four to seven months every year at both 22 and 43
GHz quasi-simultaneously. The good sensitivity (with a
3typical dynamic range of ≈ 2000 − 4000 for M87 at 22
GHz, Hada et al. 2017), the reasonably good angular res-
olution (≈ 1.2 mas and ≈ 0.6 mas at 22 and 43 GHz, re-
spectively), and the good uv-coverage of KaVA especially
for short baselines (Figure 1) make it possible to inves-
tigate the jet velocity field at various distances from the
core; up to ≈ 25 mas at 22 GHz. KaVA has recently ex-
panded to the East Asian VLBI Network (EAVN) which
includes 21 telescopes in total and covers a wide range of
observing frequencies from 2.3 to 43 GHz (Wajima et al.
2016; Asada et al. 2017; Cho et al. 2017; An et al. 2018).
Our large program has been using the EAVN since 2017.
In this paper, we report the results of the jet kinematics
in M87 by using the KaVA-only observations performed
in 2016.
The paper is organized as follows. We describe the
observations, the KaVA large program, and data reduc-
tion in Section 2. We summarize the methods used for
the M87 jet kinematics in previous studies in Section 3.
We present the results of jet kinematics obtained with
KaVA observations in Section 4. In Section 5, we supple-
ment our jet proper motion measurements with archival
VLBA data observed in 2005–2009 at 1.7 GHz, which
can trace the jet motion on larger scales compared to
our KaVA data. We discuss the possible implications of
our results in Section 6 and conclude in Section 7. In
this work, we adopt a jet viewing angle of 17◦ (Mertens
et al. 2016; Walker et al. 2018).
2. OBSERVATIONS AND DATA REDUCTION
We observed M87 with KaVA nine times in 2016.
Observations in each epoch were performed in two ses-
sions, one at 22 GHz and the other at 43 GHz, separated
by one or two days. The monitoring interval between ad-
jacent epochs is typically two weeks. The on-source time
for M87 is about four and a half hours out of the total
observing time of seven hours for each epoch at each fre-
quency, allowing us to achieve a good uv-coverage (Fig-
ure 1). The typical beam size is about 1.2 and 0.6 mas at
22 and 43 GHz, respectively. Under the natural weight-
ing of the visibility data, the beam shape is close to a cir-
cular shape, as seen in previous KaVA observations (e.g.,
Niinuma et al. 2014; Oh et al. 2015; Hada et al. 2017; Lee
et al. 2019). All seven KaVA stations successfully par-
ticipated in the observations in most epochs, except for
two epochs. On 2016 Jun 01, we lost two VERA (Mizu-
sawa and Ishigaki) stations at 22 GHz and we did not
include this data in the current paper. On 2016 Jun 02,
we lost the Mizusawa station at 43 GHz. The weather
conditions were very good in general, providing us with a
set of high-quality images with a typical dynamic range
of 3000–4000 and 2000–3000 at 22 and 43 GHz, respec-
tively. However, the data observed on 2016 May 05 at 43
GHz suffered from severe weather conditions at various
stations, and we excluded this data from our analysis.
Thus, we use the data observed in eight epochs in total
at each frequency. We summarize the basic information
of our observations in Table 1.
Our data were recorded in left-hand circular po-
larization with two-bit quantization in 8 IFs (baseband
channels, each IF consists of 256 channels) at a record-
ing rate of 1 Gbps, yielding a total bandwidth of 256
MHz, and correlated by the Daejeon correlator at the
Korea-Japan Correlation Center (KJCC, Lee et al. 2014,
400 200 0 -200 -400
-400
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Fig. 1.— Typical uv-coverage of KaVA observations of M87 taken
from the first epoch data at 22 (1.3 cm, red) and 43 GHz (7 mm,
blue) in units of 106 times the wavelengths.
2015a). We performed a standard data post-correlation
process with the NRAO’s Astronomical Image Process-
ing System (AIPS, Greisen 2003). A priori amplitude cal-
ibration was performed by using the antenna gain curves
and system temperatures. We obtained models of the
amplitudes of the antenna bandpass shapes by using the
auto-correlation data of scans on bright calibrators, with
which we normalized the bandpass shapes of all data. We
scaled up the amplitudes by a factor of 1.3 to account for
the known (constant) amplitude loss of the Daejeon hard-
ware correlator (Lee et al. 2015b; Hada et al. 2017). We
corrected antenna parallactic angles for the three KVN
antennas only because the field rotators in the receiving
rooms of VERA antennas fix the parallactic angle during
observations. We also corrected instrumental delays in
the visibility phases by using scans on bright calibrators.
We performed a global fringe fitting with a solution in-
terval between 10 and 30s for each IF, depending on the
weather conditions. The data were averaged over the
channels within each IF, and we performed imaging with
an iterative procedure of CLEAN and phase/amplitude
self-calibration in the Caltech Difmap package (Shepherd
1997). We present naturally weighted CLEAN images at
22 and 43 GHz in Figures 2 and 3, respectively.
3. SUMMARY OF PREVIOUS STUDIES OF THE M87 JET
KINEMATICS
One of the most important issues in determining
the jet kinematics is how to identify each part of the
jet in different epochs. Various methods have been em-
ployed to study the M87 jet kinematics. Each method
has strengths and weaknesses, which we summarize be-
low.
(i) Modelfit with Gaussian components. This
method fits several components of circular or elliptical
Gaussian brightness distributions to the visibility data,
describing the observed jet structure with several dis-
tinct regions. This is a standard method for determining
4the jet kinematics of radio-loud AGNs (e.g., Lister et al.
2016; Jorstad et al. 2017). One of the biggest advan-
tages of this method is that it is easy to identify differ-
ent components in different epochs, especially when the
total number of components in different epochs is the
same. However, the M87 jet shows a complex jet struc-
ture with a prominent limb-brightening (e.g., Junor et
al. 1999; Kovalev et al. 2007; Hada et al. 2016; Kim et
al. 2018; Walker et al. 2018), making it difficult to deter-
mine if the assumption of a simple Gaussian brightness
distribution for each jet region can be applied to M87
or not. Kovalev et al. (2007) applied this method to
their long-term monitoring data of the M87 jet obtained
with the VLBA at 15 GHz and found apparent speeds
. 0.05c. Asada et al. (2014) obtained the jet accelera-
tion profile between ≈ 200 and ≈ 400 mas, by making
use of this method as well. Hada et al. (2017) also used
this method for their KaVA monitoring data obtained
in 2014 and derived relatively fast motions at apparent
speeds of up to ≈ 2c with an indication of jet accelera-
tion at . 10 mas. We note that they also ‘grouped’ two
components at distances of 3–6 mas and treated them
as a single component to obtain the velocities because
of the complicated component identification for this re-
gion. Britzen et al. (2017) obtained circular Gaussian
components for the north and south jet edges separately
for some epochs by using the MOJAVE program (Lister
& Homan 2005, part of this data were presented in Ko-
valev et al. 2007), and obtained hints of jet acceleration
at distances . 10 mas.
(ii) Visual inspection. The complex jet structure
and the complicated component identification led several
studies to pick characteristic patterns in the jet bright-
ness distributions by visual inspection in order to obtain
the velocities. Ly et al. (2007) measured the apparent
speeds of 0.25 − 0.4c at distances ≈ 2 − 4 mas from
the three locally brightened positions forming a triangu-
lar shape in two epochs of 2001.78 and 2002.42 of their
VLBA observations at 43 GHz. Hada et al. (2016) iden-
tified four and five locally brightened components along
the north and south jet limbs, respectively, and one com-
ponent in the counterjet, using their VLBA observations
at 43 and 86 GHz. They fitted an elliptical Gaussian
function to each component in the image plane to de-
termine the component position and found the apparent
speeds of 0.15 − 0.48c. Walker et al. (2018) visually de-
termined the locations of local maxima in the total inten-
sity maps and identified components in different epochs
by blinking rapidly back and forth between the maps in
different epochs. They found an indication of jet acceler-
ation at . 5 mas for both north and south jet limbs with
apparent speeds of up to ≈ 5c. Although this method is
straightforward, the component identification would suf-
fer from a lack of objectivity, especially when the total
numbers of components in different epochs are not the
same.
(iii) Subtracting the average image from the indi-
vidual epoch images. Acciari et al. (2009) subtracted
the average image of 11 epochs data observed in 2007
with the VLBA at 43 GHz from the individual epoch
images in 2008, and they traced the bright regions in the
subtracted images, obtaining an apparent speed of 1.1c
at 0.77 mas. This method assumes that the brightness
enhancement near the core (at . 0.5 mas) is due to a
new moving component ejected from the core. We note
that they could use this method due to a significant in-
crease in flux density of the inner jet observed in 2008
which was coincident with a flare seen at TeV energies.
However, this method might not be applicable in a more
generalized case. We also note that Walker et al. (2018)
could not detect such a high apparent speed at the given
distance, even if they used more data sets including those
used in Acciari et al. (2009).
(iv) Wavelet-based Image Segmentation and Eval-
uation (WISE). This method allows one to decompose
and segment images and to identify significant structural
patterns (SSPs) in different epochs through the multi-
scale cross-correlation (MCC) method, providing an au-
tomated or unsupervised way to obtain the jet velocity
field (Mertens & Lobanov 2015). Mertens et al. (2016)
applied this method to the VLBA monitoring data of
M87 observed in 11 epochs in 2007 at 43 GHz and re-
vealed rich information about the velocity field at . 6
mas with a clear indication of jet acceleration on these
scales. They also applied the stacked cross-correlation al-
gorithm (Mertens & Lobanov 2016) and found that there
are at least two layers in the jet at 1–4 mas, one moving
at a superluminal speed of & 2c and the other at a sublu-
minal speed of . 0.5c. However, this method has not yet
been verified on data sets having different uv-coverages,
angular resolutions, imaging sensitivities, and sampling
intervals.
(v) The brightness ratio of the jet and counterjet.
Previous VLBI observations showed that there is tenuous
but significant jet emission on the counterjet side (e.g.,
Ly et al. 2007; Kovalev et al. 2007; Hada et al. 2016;
Mertens et al. 2016; Walker et al. 2018; Kim et al. 2018).
The location of the jet base, probably coincident with the
location of the black hole, was constrained to be quite
close to the positions of the core at cm wavelengths, i.e.,
. 0.04 mas from the 43 GHz core (Hada et al. 2011),
indicating that the weak jet emission on the eastern side
of the core is a counterjet. When assuming that the jet
and the counterjet are intrinsically symmetric, and that
there is no substantial free-free absorption towards the
counterjet by the accretion flows (which seems to be the
case for M87, see Ly et al. 2007, see also, e.g., Jones et
al. 1996; Jones & Wehrle 1997; Walker et al. 2000; Fujita
& Nagai 2017 for other nearby radio galaxies), then the
brightness ratio between the jet and counterjet at the
same distance from the jet base can be explained by the
result of Doppler boosting. Specifically, the brightness
ratio is related to the intrinsic jet speed in units of the
speed of light (β) as follows1:
Ijet
Icjet
=
(
1 + β cos θ
1− β cos θ
)2−α
, (1)
where Ijet and Icjet denote the jet and counterjet in-
tensity, respectively, α is the spectral index of the syn-
chrotron radiation (Iν ∝ να), and θ is the jet viewing
angle. The intrinsic jet speed can be converted into the
apparent speed (βapp) via
βapp =
β sin θ
1− β cos θ . (2)
1 We consider the case of a continuous jet for the beaming factor
(Ghisellini et al. 1993).
5This method does not suffer from the complicated char-
acterization and identification of jet ‘components’ in dif-
ferent epochs. However, imaging the counterjet emis-
sion in VLBI observations is usually subject to relatively
large calibration and deconvolution errors, which may
introduce relatively large errors in the measured bright-
ness ratio (e.g., Ly et al. 2004). Combining the measure-
ments of the brightness ratio in different studies, using
the adopted jet viewing angle of 17◦ and the spectral in-
dex of α = −0.7± 0.2 for the inner jet region at 43 GHz
(Hada et al. 2016), one can obtain the apparent speeds
of ∼ 0.1− 0.4c at ∼ 0.2− 1.0 mas (Ly et al. 2007; Hada
et al. 2016; Mertens et al. 2016; Walker et al. 2018; Kim
et al. 2018).
4. JET KINEMATICS ON SCALES OF . 20 MAS BASED ON
KAVA OBSERVATIONS
Among the five methods of the jet kinematics listed
above, we applied methods (i, Section 4.1), (ii, Sec-
tion 4.2), and (iv, Section 4.3) to our data. We could
not find significant brightening of the core and the inner
jet emission during the period of our observations and
therefore we were not able to apply method (iii). In-
stead, the core intensity decreases with time (Table 1).
This will be examined in a forthcoming paper by combin-
ing other data sets observed in different periods (Y. Cui
et al. 2019, in preparation). Although we have found
evidence of counterjet emission in our data, the limited
angular resolution of KaVA makes it difficult to apply
method (v). We describe how we obtain the kinematic
results with each method below.
4.1. Modelfit with Circular Gaussian Components
We fitted several circular Gaussian components to
the visibility data with the task modelfit in Difmap.
We added new components if it decreases the reduced χ2
of the fit and if the components do not become point-like.
With these criteria, the total number of components were
about five and four for the 22 and 43 GHz data, respec-
tively. We found that those circular Gaussian compo-
nents could reproduce the overall jet structure well with
the peak intensity in the residual images less than 10 mJy
per beam at both observing frequencies. This is similar
to previous observations by Hada et al. (2017) in 2013–
2014. We present the fitted Gaussian components on top
of the CLEAN maps at 22 and 43 GHz in the left panels
of Figures 2 and 3, respectively. We cross-identified the
components in different epochs based on the assumption
that the flux density, size, and position of the components
should not change abruptly between adjacent epochs. At
22 GHz, the distributions of different identified compo-
nents, labeled as KG1, KG2, KG3, and KG4, in different
epochs are quite similar. We did not identify KG1 in
the last epoch because another component was detected
at ≈ 0.5 mas, which made it impossible to cross-identify
with the earlier epochs. We also note that we did not
attempt to model the evolution of the highly complex jet
structures at ≈ 20 mas using this method. We fitted a
linear function to the separation from the core with time
for each identified component, obtaining jet velocities at
different distances. At 43 GHz, we identify three compo-
nents, labeled as QG1, QG2, and QG3, showing similar
distributions in different epochs. However, we did not
identify the components in the last epoch due to their
abrupt changes in flux densities and positions compared
to earlier epochs. In addition, the component at ≈ 0.5
mas in the first epoch has a size much smaller than the
later epochs, and we did not include this component.
We present the flux, size, and separation from the
core as functions of time for the identified components
in Figure 4. The properties of each identified component
vary smoothly in general, suggesting that the compo-
nents in different epochs may trace the same part of the
jet. Remarkably, separation from the core for the compo-
nents KG1 and QG2, and KG2 and QG3 are consistent
with each other, gradually increasing with time.
Estimating the errors of component position is not
straightforward. We assumed that the error is one-fifth of
the beam size at the map center. The errors linearly in-
crease with distance to become comparable to the beam
size at the distances of the observed maximum jet ex-
tension, ≈ 25 mas and ≈ 7 mas at 22 and 43 GHz, re-
spectively. This approach is based on the fact that the
position errors of faint components at larger jet distances
would be larger than those of bright components close to
the core (Fomalont 1999; Lee et al. 2008) and that a
similar approach was adopted in previous studies of jet
collimation (e.g., Mertens et al. 2016).
4.2. Modelfit with Point Sources and Grouping
Since the jet shows a complex structure, fitting a
small number of circular Gaussian components cannot
reproduce the observed jet emission accurately, which
may introduce additional errors in the kinematics analy-
sis. Thus, we increase the number of model components
this time until the residual images become dominated
by noise, similar to the usual modelfit analysis that
has been applied to the jet kinematics of many radio-
loud AGNs (e.g., Lister et al. 2016; Jorstad et al. 2017).
During the modelfit procedure, we found that the sizes
of many Gaussian components became point-like. The
distribution of those components with zero size changes
from epoch to epoch, which makes component identifi-
cation difficult. Thus, we used point source components
with zero sizes instead of using circular Gaussian com-
ponents to be consistent in different epochs. The distri-
bution of fitted components on top of naturally-weighted
CLEAN images at 22 and 43 GHz is shown in the right
panels of Figures 2 and 3, respectively.
We also introduced a grouping of different point
source components for the jet kinematics and component
identification. This is because each point source model
may not represent a distinct jet emission region, which
must have a finite size, although fitting with many point
source models would reproduce the observed jet struc-
tures quite well mathematically. As we are interested
in obtaining the jet bulk speeds, grouping different com-
ponents could be a good strategy for analyzing complex
jet structures (see, e.g., Lisakov et al. 2017 for the case
of 3C 273). We obtained the positions of grouped com-
ponents by averaging the positions of individual compo-
nents weighted by their flux densities.
We adopt different grouping schemes for different jet
regions. We begin with a detailed explanation of the 22
GHz data. There are six and seven components at . 5
mas in the first four and the last four epochs, respectively.
We found that the distribution of these components is
very similar in the first and the last four epochs, sepa-
6Fig. 2.— Contours show CLEAN images of the M87 jet obtained with KaVA in 2016 at 22 GHz. The model components obtained in the
modelfit analysis with circular Gaussian components (Section 4.1) and with point source components (Section 4.2) are drawn on top of the
contours in the left and right panels, respectively. The components with the same color in different epochs are identified to represent the
same parts of the jet. The point source models in the right panel are grouped and treated as a single component and their mean positions
weighted by flux density are shown with the small filled circles. The vertical spacing is proportional to the time elapsed. The dashed lines
show the best-fit linear motions of the components. The gray shaded ellipses at RA = 4 mas denote the full width half maximum of the
synthesized beam. The number of days elapsed since 2016 Jan 1 is noted for each map. All maps are rotated clockwise by 18◦ with respect
to the map center in each epoch. Contours start at 1.9 mJy per beam and increase by factors of
√
2.
rately. Thus, we group two components at ≈ 1 mas and
identify them as a single component in the two periods
separately (KP1, KP2). The four and five components
at ≈ 3 mas are grouped and identified in the two periods
separately as well (KP3, KP4). This grouping scheme is
based on our assumption that each grouped component
represents the same jet region, provided that individual
components used for the grouping have the same total
number of components and a similar spatial distribution
in different epochs. At a distance of ≈ 8 − 13 mas, a
triangle-like jet shape is detected in all epochs except
the last epoch, which led us to group and to identify the
components in this region (KP6). Then, the remaining
components at ≈ 5 − 8 mas are grouped and identified
(KP5).
At a distance ≈ 20 mas, the jet re-brightens and
significant emission is detected in all epochs. The shape
of this emitting region is arc-like, which is reminiscent of
the filamentary jet structures detected on pc scales (e.g.,
Reid et al. 1989; Walker et al. 2018) and on kpc scales
(e.g., Owen et al. 1989; Perlman et al. 2001; Lobanov et
al. 2003). The bright knot in the southern limb at ≈ 20
mas apparently moves outward from the first to third
epochs, moves inward from the third to the fifth epochs,
7Fig. 3.— Same as Figure 2 but at 43 GHz. Contours start at 2.2 mJy per beam and increase by factors of
√
2.
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Fig. 4.— Flux density (top), size (middle), and separation from
core (bottom) as functions of time for different identified compo-
nents in the modelfit analysis with circular Gaussian components
(Section 4.1) at 22 (diamonds) and 43 GHz (asterisks). The names
of identified components are noted in the top right. The dashed
lines in the bottom panel show the best-fit lines.
and then moves outward again in the last four epochs.
The inward motion corresponds to an apparent speed of
≈ −3c, which indicates that the bright knot in the first
three and in the last four epochs may not be the same
parts of the jet. Based on this assumption, we group
and identify the components associated with the bright
knot in the first three epochs and in the last four epochs
separately (KP7 and KP8).
At 43 GHz, we could detect four point source com-
ponents at 1–2 mas and three components at 2–3 mas
in many epochs. We group and identify these compo-
nents and obtain the jet speeds. We present the flux
density and separation from the core as functions of
time for different grouped components in Figure 5. Sim-
ilarly to the case of our modelfit analysis with circular
Gaussian components (Section 4.1), the properties of the
grouped components vary smoothly, indicating that they
may trace the same parts of the jet in different epochs.
We estimate the errors of the positions of grouped com-
ponents as follows. For those that have the same num-
bers and similar distributions of individual components
in different epochs, i.e., KP1, KP2, KP3, KP4, QP1,
and QP2, we assumed the errors which provide us with
χ2/d.o.f. = 1 for the fitting of linear functions to the
separation from the core, where d.o.f. denotes the de-
gree of freedom. This approach was also applied to KP7
and KP8, for which we traced the components associ-
ated with the bright knot at ≈ 20 mas. This is because
there would not be much errors introduced by the group-
ing or component identification in these cases. For other
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Fig. 5.— Flux density (top) and separation from core (bot-
tom) as functions of time for different identified components in
the modelfit analysis with point source components (Section 4.2)
at 22 (diamonds) and 43 GHz (asterisks). The names of identified
components are noted in the top right. The dashed lines in the
bottom panel show the best-fit lines.
grouped components, we estimated the position errors in
the same manner as in Section 4.1.
4.3. WISE
We applied the WISE analysis technique (Mertens
& Lobanov 2015) to our KaVA images of the M87 jet.
WISE uses 2D cross-correlations to statistically deter-
mine the jet kinematical structures without the limi-
tations of using pre-defined templates for the bright-
ness distributions (such as 2D Gaussian distributions)
of the structures. We decomposed each map into sub-
components with the segmented wavelet decomposition
(SWD) method to detect a set of SSPs with a 3σ
detection threshold. We implemented the intermedi-
ate wavelet decomposition (IWD2) as well for a robust
detectability of displacements of SSPs (Mertens et al.
2016). Determining appropriate SWD/IWD scales is im-
portant because WISE detects jet velocities by match-
ing SSPs between adjacent epochs in such a way that
the matching on smaller scales is regulated by that
on larger scales (so-called multi-scale cross-correlation,
MCC, Mertens & Lobanov 2015). The maximum scale
determines the largest displacement of SSPs between ad-
jacent epochs and should be large enough to be compara-
ble to the largest expected displacement. The minimum
scale should be small enough to detect motions of fine-
scale structures, while it should be larger than the min-
imum resolvable size of the images, which is dependent
on the signal-to-noise ratio (Lobanov 2005).
2 IWD allows one to cover intermediate scales between SWD
scales and to improve cross identification of the individual features
(see Appendix A in Mertens et al. 2016)
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Fig. 6.— Stacked maps of the CLEAN images at 22 (left) and 43 GHz (right) rotated clockwise by 18◦ with respect to the map center.
Contours start at 0.8 mJy per beam and increase by factors of
√
2. The displacements of several SSPs between adjacent epochs detected
at the finest SWD scales are shown with the arrows (see Section 4.3 for more details).
We assumed the minimum scale to be ≈ 1/5 of the
beam size and maximum scale to be about one beam
size. We applied the SWD on three spatial scales of 0.2
(0.12), 0.4 (0.24) and 0.8 (0.48) mas and amended them
with the IWD on scales of 0.3 (0.18), 0.6 (0.36), and 1.2
(0.72) mas at 22 (43) GHz. We identify SSPs in adja-
cent epochs by using the MCC method with a tolerance
factor of 1.5 and a correlation threshold of 0.7. In the
MCC analysis, we search for velocity vectors with sym-
metric search windows of [−31, +31] mas/yr and [−18,
+18] mas/yr in a longitudinal direction relative to the
jet axis at 22 and 43 GHz, respectively. We used search
windows of [−10, +10] mas/yr and [−5, +5] mas/yr in a
transverse direction at 22 and 43 GHz, respectively. This
constraint is based on the maximum SWD/IWD scales
and the typical time separation between adjacent epochs.
We use velocity vectors of the SSPs matched in at least
four successive epochs for our further analysis. We ob-
tained the apparent speeds by fitting linear functions to
their separation from the core with time.
We note that we used symmetric velocity search
windows, while previous studies using WISE analysis
adopted asymmetric search windows in a longitudinal di-
rection (Mertens et al. 2016; Boccardi et al. 2019). The
reason for using asymmetric windows in those studies is
based on our prior knowledge that fast inward motions
are not physically realistic. However, at least for the
present study, we found that using an asymmetric ve-
locity search window can lead to biased results towards
detecting faster speeds. In Appendix B, we perform sev-
eral tests by using one hundred randomly shuffled im-
ages of the VLBA 1.7 GHz data presented in Section 5,
which provide us with a number of detected WISE vec-
tors and good statistics. We observed a systematic accel-
eration pattern with distance even for the shuffled data
set when we use an asymmetric velocity search window.
This indicates that an artificial acceleration feature can
be observed in the real data as well due to the asym-
metric search window. Thus, we used symmetric search
windows to ensure that the observed speeds and jet ac-
celeration result from real jet motions.
Also, we found that the statistical behaviors of the
real data and the shuffled data become significantly dif-
ferent when using the SSPs matched in more than four or
five successive epochs (Appendix B). This result implies
that false detection due to a chance alignment may be
suppressed in our KaVA WISE analysis that uses SSPs
matched in more than four successive epochs. However,
a number of jet motions are still detected in the ran-
dom data set when a length-chain of four or five succes-
sive epochs is used. This suggests that one needs to use
a longer length-chain such as seven or eight successive
epochs, if possible, to obtain robust results. Neverthe-
less, we had only eight epochs in total for the KaVA im-
ages and using such a long length-chain was not available.
Instead, we used a larger correlation threshold (0.7) com-
pared to the previous studies (0.6, Mertens et al. 2016;
Boccardi et al. 2019) for our KaVA data to reduce the
probability of false detection.
We found that our WISE results show a significant
dependence on different SWD/IWD scales at both fre-
quencies (see Appendix A for more details). This be-
havior was not clearly observed in the previous WISE
analysis of the VLBA data at 43 GHz (Mertens et al.
2016), nor in our WISE analysis of the VLBA data at 1.7
GHz (Section 5). The scale dependence is likely due to
the limited angular resolution of our KaVA observations
because the sampling interval of our data (≈ 2 weeks)
is short enough compared to the previous studies (& 3
weeks, Mertens et al. 2016; Boccardi et al. 2019). Based
on this argument, we selected the results of the finest
scales, which provides the highest effective spatial reso-
lution among different scales. Figure 6 shows the WISE
vectors detected at the finest scales. We found many
vectors having a wide range of speed from stationary
motions to fast outward motions up to ≈ 2c.
4.4. Jet Apparent Speeds and Comparison with Other
Studies
We show the mean radial distances from the core
and the observed radial speeds of the jet components
obtained by the three methods in Table 2. We present
the apparent jet speeds in the left panel of Figure 7.
The apparent speeds, in general, increase from ≈ 0.3c at
a distance ≈ 0.5 mas to ≈ 2.7c at ≈ 20 mas. However,
there is non-negligible dispersion in the speeds at a given
distance. Many of the slower speeds come from the WISE
analysis. On the contrary, the speeds of the fast outward
WISE vectors are in good agreement with the modelfit
results. This may imply that the WISE analysis can
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Fig. 7.— Left: apparent speed as a function of projected distance from the core from the KaVA observations at 22 (magenta) and 43
(blue) GHz. The different symbols are from different methods applied to the jet kinematics (Section 4). Right: same as the left panel but
adding the apparent speeds obtained from other studies to the diagram (Ly et al. 2007; Hada et al. 2016; Mertens et al. 2016; Hada et al.
2017; Walker et al. 2018; Kim et al. 2018). The data points obtained by the jet to counterjet brightness ratio analysis are shown in the
open squares, while those obtained by other methods are shown in the filled diamonds. We note that the negative speeds detected by the
WISE analysis (but consistent with zero speeds within 2σ) shown in the left panel are not drawn in this logarithmic diagram.
capture both fast and slow motions existing in the M87
jet, as already seen by Mertens et al. (2016), which is not
possible for our modelfit results because we measured
a single velocity for each jet region.
However, we cannot reject the possibility that the
dispersion is produced by potential systematic errors in
the different methods that we have applied. As previ-
ously explained in Section 3, the first method, modelfit
with circular Gaussian components, has the advantage of
a straightforward component identification in individual
epochs. However, the results can be affected by non-
negligible residual emission in the maps which could not
be properly modeled by only a few Gaussian components.
The second method, modelfit with point sources and
grouping of different components for cross-identification
in different epochs, is not affected by the residual jet
emission. However, it relies on visual inspection for
grouping and identification and could be quite subjec-
tive. The WISE analysis is, on the other hand, based
on statistical methods. However, we could not figure out
the origin of the dependence on SWD/IWD scales and
we selected the results at the finest scales.
In the right panel of Figure 7, we compare our re-
sults with other previous VLBI observations. We include
the results obtained from the data observed with rela-
tively small sampling intervals (e.g., . 3 weeks) in more
than five epochs to avoid possible effects of a large sam-
pling interval on the results, or from the analysis of jet to
counterjet brightness ratio. We converted the observed
brightness ratio in different studies into the apparent
speeds with the adopted viewing angle of 17◦ and the
spectral index of α = −0.7 for the inner jet (at 0.2–1.2
mas) obtained at 22–86 GHz (Hada et al. 2016). As
for the results of Mertens et al. (2016), we included the
values derived by their stacked cross-correlation analysis
which are representatives of a large number of jet speeds
derived by the WISE analysis. Also, we present an aver-
age of the component speeds measured at core distances
greater than 1.8 mas as reported by Walker et al. (2018).
Although there is a general scatter as noted above,
all of the different studies show a consistent trend of jet
acceleration. The dispersion in the observed speeds at
a given distance is also present in other studies. It is
notable that the observed speeds derived by the jet to
counterjet brightness ratio, which are not affected by
the complications of component identification, large sam-
pling intervals, etc., are consistent with those derived by
the other methods. This result suggests that the jet is
moving at subluminal speeds at distances . 1 mas from
the core. We note that our results are consistent with
those of Mertens et al. (2016) and Walker et al. (2018)
at distances . 1 mas, while the speeds we obtained are
lower than the fastest motions of Mertens et al. (2016)
and are marginally consistent with Walker et al. (2018)
at distances & 2 mas.
5. JET KINEMATICS ON SCALES OF ≈ 200− 410 MAS
BASED ON VLBA ARCHIVAL DATA
While there is rich information about the jet veloc-
ity measurements available at relatively small distances
of . 20 mas thanks to many recent studies with VLBI
observations at relatively high frequencies of & 15 GHz,
the velocity measurements at outer jet distances is still
limited. Asada et al. (2014) was the first to connect the
velocity fields between mas scales and arcsecond scales,
indicating substantial jet acceleration from subluminal
to superluminal speeds occurring at ≈ 180 − 450 mas.
However, recent studies including our present study have
found that the jet shows superluminal motions already
at . 20 mas (see Figure 7). Therefore, the scale where
bulk jet acceleration occurs in M87 is still under debate.
Possible explanations for the rapid jet acceleration
observed at & 180 mas by Asada et al. (2014) include
faster jet motions that could not be traced due to the lim-
ited angular resolution (with the FWHM of the synthe-
sized beam of 19.9× 14.6 mas) or the large time interval
between observations (about one year). To investigate
this possibility and to probe the jet velocity field over a
wide distance range, we performed a complementary jet
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Fig. 8.— Top: a CLEAN image of the M87 jet observed with the VLBA on 2005 Oct 27 at 1.7 GHz. The gray shaded ellipse in the
lower left part denotes a typical size of the full width at half maximum of the synthesized beam. Contours start at 1 mJy per beam. The
map is rotated clockwise by 23◦. The re-brightened jet regions at ≈ 20, ≈ 65, and ≈ 165 mas, originally labeld as components N2, N1, and
M, respectively (Reid et al. 1989), are marked. Bottom: CLEAN maps showing the region in the rectangular box in the top panel for 19
VLBA archival data we analyzed (Section 5). The observation date in units of decimal years is noted for each map. The circular Gaussian
components fitted to the visibility data are shown with the crosses surrounded by circles. The components with the same color in different
epochs are cross-identified as the same component.
kinematic analysis by using the archival VLBA monitor-
ing data observed in 19 epochs between 2005 and 2009
at 1.7 GHz. These data were presented in previous stud-
ies of HST-1 (Cheung et al. 2007; Giroletti et al. 2012;
Casadio et al. 2013). We revisited these data in our re-
cent study of Faraday rotation in the M87 jet (Park et al.
2019), where the details of the data reduction process are
shown. In this paper, we present our kinematic analysis
using these data at distances . 450 mas.
We show a naturally-weighted CLEAN image of the
first epoch data in the upper panel of Figure 8. A typical
size of the FWHM of the synthesized beam is 11×5 mas
with a position angle of −2◦, improved by a factor of
two compared to the observations of Asada et al. (2014).
A typical rms noise level is ≈ 0.2 mJy per beam. As
performed for our KaVA analysis, we perform the jet
kinematics with different methods.
5.1. Modelfit with Circular Gaussian Components
Although the entire jet structure between the core
and the extended jet down to ≈ 450 mas was success-
fully imaged, we found that there are locally brightened
jet regions at ≈ 20, 65, and 165 mas in all epochs. The
positions of these regions are almost the same in differ-
ent epochs, making them appear stationary, as already
reported in previous studies (Reid et al. 1989; Dodson et
al. 2006; Asada et al. 2014). Our VLBA data could not
resolve the north and south jet limbs at . 200 mas. In
addition, we found that the jet structure between ≈ 200
and ≈ 320 mas is quite smooth. The jet re-brightening
at ≈ 20, 65, and 165 mas, the limited angular resolu-
tion, and the smooth jet structure prevented us from
performing the jet kinematics based on modelfit anal-
ysis at . 320 mas. More specifically, we found that the
total number of components in adjacent epochs at similar
distances is usually not preserved in this region. The dis-
tributions of neighboring modelfit components were not
similar either, possibly due to the smooth jet structure,
and we could not attempt grouping of the components.
However, we found that the jet emission at & 320
mas could be modeled well with several circular Gaus-
sian components along the north and south limbs sepa-
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TABLE 2
Results of jet kinematics
Methods 〈R〉 (mas) µr (mas yr−1) βapp
(1) (2) (3) (4)
KaVA 22 GHz
Circular
Gaussian
1.02± 0.10 1.09± 1.38 0.29± 0.37
2.86± 0.34 3.28± 1.35 0.87± 0.36
4.68± 0.39 3.63± 1.61 0.96± 0.43
8.42± 0.70 6.54± 2.15 1.73± 0.57
Point Sources
1.01± 0.16 2.08± 0.90 0.55± 0.24
1.17± 0.09 1.41± 0.84 0.37± 0.22
3.31± 0.15 2.06± 1.57 0.54± 0.42
3.24± 0.24 2.68± 1.89 0.71± 0.50
6.34± 0.32 2.92± 1.87 0.77± 0.49
9.95± 0.52 5.61± 3.10 1.48± 0.82
20.05± 0.64 10.05± 0.47 2.67± 0.13
20.42± 0.22 4.57± 4.31 1.21± 1.15
WISE
2.31± 0.02 0.04± 0.37 0.01± 0.10
3.50± 0.07 0.49± 0.22 0.13± 0.06
4.66± 0.25 1.81± 0.74 0.48± 0.20
5.16± 0.36 5.60± 3.92 1.49± 1.04
6.00± 0.15 −0.87± 2.32 −0.23± 0.62
7.29± 0.09 1.32± 0.47 0.35± 0.12
8.25± 0.20 1.12± 0.69 0.30± 0.18
10.53± 0.36 −1.63± 2.20 −0.43± 0.59
11.96± 0.49 6.51± 3.49 1.73± 0.93
15.96± 0.25 −4.45± 2.51 −1.18± 0.67
18.31± 0.28 3.78± 0.77 1.00± 0.21
20.14± 0.43 7.30± 1.87 1.94± 0.50
20.48± 0.25 5.64± 0.94 1.50± 0.25
KaVA 43 GHz
Circular
Gaussian
0.47± 0.11 1.17± 0.80 0.31± 0.21
1.13± 0.34 3.19± 0.85 0.84± 0.23
2.74± 0.46 5.22± 1.65 1.38± 0.44
Point Sources
1.22± 0.27 2.22± 0.68 0.59± 0.18
2.64± 0.19 1.71± 0.67 0.45± 0.18
WISE
1.19± 0.04 −0.32± 0.15 −0.09± 0.04
1.47± 0.20 1.73± 0.32 0.46± 0.08
1.97± 0.09 −0.52± 0.47 −0.14± 0.13
2.60± 0.21 −1.06± 0.68 −0.28± 0.18
5.46± 0.20 2.76± 0.99 0.73± 0.26
VLBA 1.7 GHz
Circular
Gaussian
344.07± 2.43 7.30± 7.36 1.93± 1.94
353.07± 5.02 9.13± 3.04 2.41± 0.80
368.32± 7.23 12.88± 3.11 3.40± 0.82
370.73± 3.83 7.96± 4.05 2.10± 1.07
378.98± 7.00 12.65± 3.17 3.34± 0.84
381.14± 8.58 15.91± 2.86 4.20± 0.76
404.47± 10.68 19.22± 3.30 5.08± 0.87
406.11± 3.37 11.92± 9.13 3.15± 2.41
WISE
9.51± 0.77 0.89± 0.22 0.24± 0.06
11.58± 0.85 1.11± 1.01 0.30± 0.27
18.63± 1.12 0.21± 0.22 0.06± 0.06
29.35± 4.24 6.22± 1.50 1.65± 0.40
32.01± 2.05 1.78± 0.57 0.47± 0.15
43.00± 0.66 −0.14± 0.87 −0.04± 0.23
50.13± 3.73 4.37± 2.67 1.16± 0.71
52.49± 2.25 5.89± 1.38 1.57± 0.37
63.52± 1.29 0.86± 0.46 0.23± 0.12
66.07± 2.15 −0.67± 2.83 −0.18± 0.75
74.91± 4.42 −0.33± 1.05 −0.09± 0.28
83.58± 4.41 −6.66± 1.29 −1.77± 0.34
89.32± 6.11 −2.03± 1.35 −0.54± 0.36
...
...
...
Note. — (1) Methods of the jet kinematics used. (2) Mean radial
distance from the core and 1σ scatter of the distances. (3) Angular
radial speed and 1σ uncertainty. (4) Radial speed in units of the
speed of light and 1σ uncertainty.
TABLE 2
Continued
Methods 〈R〉 (mas) µr (mas yr−1) βapp
(1) (2) (3) (4)
VLBA 1.7 GHz
WISE
...
...
...
97.71± 0.60 0.14± 0.39 0.04± 0.10
110.68± 0.48 1.10± 0.39 0.29± 0.10
112.22± 4.99 −6.04± 3.51 −1.61± 0.93
128.24± 1.71 −3.30± 1.72 −0.88± 0.46
136.05± 7.76 7.22± 2.24 1.92± 0.60
138.29± 1.42 −0.76± 0.82 −0.20± 0.22
154.85± 6.22 8.14± 0.53 2.17± 0.14
170.15± 6.07 7.33± 0.69 1.95± 0.18
180.72± 6.74 7.55± 0.72 2.01± 0.19
189.97± 1.61 1.17± 0.70 0.31± 0.19
220.33± 2.71 −1.78± 2.27 −0.47± 0.60
229.16± 2.24 1.42± 1.88 0.38± 0.50
230.84± 6.52 7.03± 1.41 1.87± 0.37
234.93± 13.52 11.61± 1.15 3.09± 0.31
251.49± 3.16 2.83± 2.14 0.75± 0.57
254.01± 0.98 2.18± 0.87 0.58± 0.23
256.03± 2.56 0.29± 1.05 0.08± 0.28
256.77± 5.24 9.63± 0.44 2.56± 0.12
265.96± 3.88 4.66± 1.05 1.24± 0.28
266.95± 2.61 −1.18± 1.17 −0.32± 0.31
270.88± 3.37 −7.25± 1.62 −1.93± 0.43
279.45± 5.06 10.55± 1.23 2.81± 0.33
288.37± 1.80 2.80± 1.48 0.74± 0.39
288.81± 4.83 9.60± 1.79 2.55± 0.47
292.54± 8.65 16.64± 1.86 4.42± 0.50
301.23± 12.49 15.46± 1.62 4.11± 0.43
309.00± 5.99 17.43± 1.41 4.63± 0.37
312.54± 5.92 10.75± 0.85 2.86± 0.23
321.37± 10.98 14.77± 1.95 3.93± 0.52
323.20± 3.28 1.10± 3.40 0.29± 0.90
335.13± 3.00 −2.22± 2.72 −0.59± 0.72
340.97± 6.98 12.19± 2.17 3.24± 0.58
347.63± 4.14 5.76± 1.12 1.53± 0.30
348.68± 2.42 −2.12± 1.96 −0.56± 0.52
375.26± 5.29 10.44± 0.76 2.77± 0.20
376.08± 9.63 18.11± 2.16 4.82± 0.57
382.17± 12.44 21.86± 1.48 5.81± 0.39
Note. — Continued.
rately. This is presumably thanks to the relatively large
jet width in this region (e.g., Asada & Nakamura 2012)
and the distinct jet shape like a ‘head’ consisting of sev-
eral knotty structures. We found that the fitted compo-
nents maintain finite sizes and the distributions of neigh-
boring components are frequently preserved in many suc-
cessive epochs, which does not require us to perform the
grouping of different components for cross-identification.
We identify components in different epochs only
when (i) the distribution of neighboring components is
similar and (ii) the properties of components, i.e., flux
density, size, and separation from the core, vary smoothly
over more than four successive epochs. The components
identified to be the same part of the jet are shown with
the same color in different epochs (Figure 8). We present
the properties of these components as functions of time in
Figure 9, showing that all the quantities vary smoothly
over time. Similarly to the case of our KaVA analysis
presented in Section 4.1, we assumed position errors lin-
early increasing from one-fifth of the synthesized beam
size at a zero distance to one beam size at ≈ 450 mas.
5.2. WISE
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Fig. 9.— Same as Figure 4 but for the VLBA archival data
observed at 1.7 GHz (Figure 8). The same color scheme for the
identified components as in Figure 8 is used.
We performed a WISE analysis for the VLBA 1.7
GHz data in the same manner as done for the KaVA
data (Section 4.3). We applied the SWD on three spa-
tial scales of 1.4, 2.8 and 5.6 mas and amended them
with the IWD on scales of 2.1, 4.2, and 8.4 mas. In
the MCC analysis of the VLBA data, we used a correla-
tion threshold of 0.6, following the previous studies using
WISE (Mertens et al. 2016; Boccardi et al. 2019). We
constrained the ranges of speeds for matching SSPs to
be between −58 and +58 mas/year in a longitudinal di-
rection relative to the jet axis and between −15 and +15
mas/yr in a transverse direction. We use velocity vectors
of the SSPs matched in at least seven successive epochs
for our further analysis (see Section 4.3 and Appendix B
for related discussion of velocity search windows and of
length-chains).
In Figure 10, we present the displacement vectors
detected at the finest scale of 1.4 mas. We note that
we could not perform a direct one-to-one comparison be-
tween the vectors detected on different SWD/IWD scales
due to their large numbers (e.g., 53 vectors identified on
1.4 mas scale). However, their general trends of apparent
speed as functions of distance are in good agreement with
each other (see Appendix B). Thus, we select the results
of the finest scale as our representative WISE result for
the VLBA data and use them for our further analysis.
The displacement vectors are distributed over the
whole distance range where the jet emission is significant.
As noted above, the north and south jet limbs could not
be resolved by our data at . 200 mas and most of the
WISE vectors in this region are distributed along the
central ridge. On the contrary, the vectors along the two
limbs are separately detected at & 200 mas. WISE suc-
cessfully captures jet motions at distances . 320 mas,
where it was difficult to cross-identify each part of the
jet in adjacent epochs for the modelfit analysis. It is
clear that WISE is advantageous for a kinematic analy-
sis of complex jet structures having a smooth brightness
distribution. As already discussed in Section 4.3, thanks
to the long length-chain of seven successive epochs and
the symmetric search window used for the VLBA data,
our results shown in Figure 10 are not biased and would
have a fairly small probability of false detection.
In Figure 11, we present the apparent speeds of the
velocity vectors at the finest scale as a function of dis-
tance. There is significant dispersion of the speeds at
given distances, as already noted in our KaVA analysis
and in previous studies (see Section 4.4), for the whole
distance range. In general, the speeds appear to increase
with increasing distance. We present the general trend
by using un-weighted binned data points with a bin size
of 20 mas, shown by the solid line. They show that the
overall jet apparent speeds are larger than ≈ 1c at & 220
mas and even increase to ≈ 5c at ≈ 380 mas. This trend
is also consistent with our modelfit results, demonstrat-
ing the reliability of the results obtained by both analysis.
The apparent jet speeds obtained in our study are
consistent with those reported by Asada et al. (2014) at
distances of ≈ 340 − 410 mas (see Figure 11). Thus,
we confirm the presence of superluminal motions in this
region, by using data that is more densely sampled, ob-
served in many more epochs and with a higher angular
resolution as compared to the previous study (Asada et
al. 2014). However, their data points at . 320 mas are
generally slower than the overall trend that we found
from the WISE analysis, although they are consistent
within 1 − 3σ. Our results indicate that the velocity
field at large distances is complicated, such that both
fast and slow motions exist. It appears that Asada et
al. (2014) could not detect fast motions in some distance
ranges at . 320 mas probably because of the limited an-
gular resolution and the large monitoring interval of their
observations, or the over-simplification of describing the
jet emission between 220 − 320 mas with three circular
Gaussian components.
6. DISCUSSION
6.1. Jet re-brightening and apparent stationary features
It is well known that the M87 jet brightness gen-
erally decreases with increasing distance from the core
in the region of our interest (at distances less than
≈ 400 mas). However, we found that the jet is re-
brightened at ≈ 20 mas in our KaVA data as well as
at ≈ 65 and ≈ 165 mas in our VLBA data. The re-
brightening in those regions was already shown in pre-
vious VLBI observations (e.g., Reid et al. 1989; Dod-
son et al. 2006; Asada et al. 2014), and those regions
were originally labeled as components N2, N1, and M,
respectively (Reid et al. 1989). Sub-luminal or quasi-
stationary motions were reported in those regions. How-
ever, our KaVA observations suggested that the 20 mas
feature may not actually be stationary but shows a com-
plicated evolution (Figure 2). We found that the bright-
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Fig. 10.— Velocity vectors identified in more than seven successive epochs in our WISE analysis of the VLBA data on top of a stacked
CLEAN image. The map is rotated clockwise by 23◦. The top and bottom figures are enlarged versions of the four different jet regions
shown by the rectangles in the central figure. We note that our data could not resolve the north and south jet edges at . 200 mas, which
results in most of the detected velocity vectors distributed along the central, single jet ridge.
ness centroid in the south jet limb keeps moving back
and forth. Dodson et al. (2006) pointed out that back
and forth motions in the re-brightened regions could be
explained if jet components move through standing recol-
limation shocks, which can naturally form in supersonic
jets having a pressure mismatch with an external con-
fining medium (e.g., Sanders 1983; Wilson & Falle 1985;
Daly & Marscher 1988; Go´mez et al. 1995; Komissarov
& Falle 1997; Cawthorne et al. 2013; Mizuno et al. 2015;
Fromm et al. 2016; Fuentes et al. 2018; Park et al. 2018).
Indeed, both our modelfit analysis (Section 4.2) and
WISE analysis (Section 4.3) suggest that the underlying
flow speed would actually be quite fast (βapp ≈ 1 − 3c)
in the 20 mas region.
Our WISE analysis of the VLBA data also show
the presence of fast motions at apparent speeds up to
≈ 2c near the re-brightened region at ≈ 165 mas (see
Figures 10 and 11). We note that the results at . 200
mas can be affected by the limited angular resolution of
our data as we could not resolve the north and south jet
limbs. Nevertheless, no slow motion is detected in this
region, while fast outward motions of βapp ≈ 2c are con-
sistently observed. This implies that the underlying flow
speed can be quite fast in this apparently stationary fea-
ture, similar to the case of the ≈ 20 mas region. If this
is true, then the apparent stationary features originate
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Fig. 11.— Apparent speed as a function of projected distance from the core. The data points obtained by the WISE analysis of the
VLBA data at 1.7 GHz at the finest scale are shown with the blue circles, while those obtained by the modelfit analysis are presented
with the grey filled diamonds. The blue solid line shows the data points after un-weighted binning of the WISE data points with a bin size
of 20 mas. The data points taken from Asada et al. (2014) are shown with the cyan circles.
from the re-brightening of the jet, not from physically
standing features within the jet. Future VLBI moni-
toring observations which can resolve the re-brightened
regions will be helpful for confirming this scenario. Also,
spectral index and linear polarization analysis will make
it clear whether the re-brightening is due to efficient ac-
celeration of synchrotron emitting particles by e.g., rec-
ollimation shocks, or due to locally enhanced Doppler
boosting through helical motions within the jet.
6.2. Slow Jet Acceleration
In Figure 12, we present the magnitude of the spa-
tial component of the four-velocity Γβ, where Γ is the
bulk Lorentz factor, as a function of de-projected dis-
tance from the black hole in units of RS. We note that
we do not include the VLBA data points at . 200 mas
detected by the WISE analysis, which can be affected by
the limited angular resolution and by the re-brightened
jet regions, to be conservative. We corrected for the core
positions with respect to the jet base by using the core-
shift measurements by Hada et al. 2011. We include four
data points from our recent study of KaVA monitoring
data observed in 2013–2014 at 22 GHz (Hada et al. 2017).
We also include the results obtained in the literature to
compare with our results and to show an overall trend of
jet acceleration and deceleration at distances from sub-
pc to kpc scales. We discuss several implications of our
results below.
One of the notable features we found is that the jet
is moving at subluminal speeds at distances . 1 mas,
corresponding to de-projected distances . 500 RS. This
is consistent with the results of other studies, especially
with the speeds obtained by the jet to counterjet bright-
ness ratio (see Section 4.4 and the right panel of Fig-
ure 7). This result indicates that it is less likely that
VLBI observations are missing very fast jet motions due
to the limited angular resolution or cadence on this scale.
The jet becomes relativistic at a distance ≈ 103RS, al-
though it is difficult to determine an exact location be-
cause of the dispersion in the observed speeds. This dis-
tance is relatively far from the central engine compared to
the results of various GRMHD simulations which obtain
Γ & a few already at distances less than a few hundred
RS (e.g., McKinney 2006; Penna et al. 2013; Nakamura
et al. 2018, see also Figure 12).
In addition, the observed jet acceleration profile
seems to be relatively flat compared to the prediction
of magnetic jet acceleration models. To describe a gen-
eral trend of jet acceleration, we fit a function, assum-
ing a power-law function for the bulk Lorentz factor and
converting it into the four-velocity, to the data points ob-
tained in our study and our previous study (Hada et al.
2017). We did not include the KaVA data points showing
negative or zero speeds (7 out of 39) and the VLBA data
points showing βapp ≤ 1c (11 out of 27) for the fitting
because those data points cannot properly represent the
general acceleration trend. Also, there is a possibility
that those slow motions are associated with instability
patterns, not with the bulk jet speed (e.g., Lobanov et
al. 2003; Hardee & Eilek 2011; Mertens et al. 2016, see
Section 6.3 for related discussions). We obtain the best
fit of Γ ∝ z0.16±0.01, which is shown by the dashed line
in Figure 12.
We note, however, that this profile assumes that all
the data points follow the same power-law, which may
not be necessarily the case (see Section 6.3). Theoretical
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Fig. 12.— Magnitude of the spatial component of the four-velocity Γβ, obtained from the measured apparent speeds with the adopted
jet viewing angle of 17◦, as a function of de-projected distance from the black hole in units of RS. The data points obtained in this study
and our previous study using the KaVA observations at 22 GHz (Hada et al. 2017) are shown with the diamonds, while those obtained in
the literature presented in the right panel of Figure 7 are shown with the grey filled circles. We include the data points in the literature
for the jet speeds on large scales as well (Biretta et al. 1995, 1999; Cheung et al. 2007; Giroletti et al. 2012; Meyer et al. 2013; Asada et
al. 2014; Hada et al. 2015). The distance between the radio core and the black hole are corrected by using the core-shift measurement
(Hada et al. 2011). We also include the results obtained by GRMHD simulations shown with the purple open upward triangles (McKinney
2006; Penna et al. 2013; Nakamura et al. 2018). The two triangles connected with the vertical solid lines show the range of speeds obtained
by using different assumed black hole spins in the simulations. The best-fit function, assuming a power-law function for the bulk Lorentz
factor and converting it into the four-velocity, to the data points obtained in this study and our previous study (the magenta, blue, red,
green diamonds) is Γ ∝ z0.16±0.01 and shown with the black dashed line. Some data points showing slow or quasi-stationary motions are
not included in the fitting (see Section 6.2 for more details). The linear jet acceleration profile of Γ ∝ z0.56, expected in the FFE model
(see texts) for the assumed black hole spin of a = 0.9, and the upper envelopes of Γ ∝ z0.56 and Γ ∝ z0.16 presented in Mertens et al.
(2016), are shown as a reference with the black dotted line. Note that the power-law profiles for Γ are shown by the curved lines in the
logarithmic plot of Γβ versus distance.
studies of highly magnetized jets in the highly relativis-
tic limit (σ  1, where σ is the Poynting flux per unit
matter energy flux, so-called the magnetization param-
eter) or in the far zone (r  rlc, where rlc = c/Ω is
the light cylinder radius with Ω being the angular ve-
locity of a given streamline) show that an evolution of
the Lorentz factor would be described as Γ ∝ R ∝ za
near the jet base (so-called the linear acceleration regime)
with a transition to a slower acceleration profile at a cer-
tain distance (e.g., Tchekhovskoy et al. 2008; Komissarov
et al. 2009; Lyubarsky 2009). The latter proportionality
comes from the jet collimation profile, which was found
to be a ≈ 0.56 for M87 in the regions we are probing in
this study (Asada & Nakamura 2012; Hada et al. 2013;
Nakamura & Asada 2013). Thus, the observed trend of
jet acceleration appears to be much flatter than the linear
acceleration profile of Γ ∝ z0.56.
Taken as a whole, our results suggest that the M87
jet is gradually accelerated over a large jet distance range
that coincides with the jet collimation zone, which is
one of the essential characteristics of the magnetic jet
acceleration mechanism (e.g., Vlahakis & Ko¨nigl 2004;
Lyubarsky 2009). However, the observed acceleration
does not seem to be as efficient as in the models or in
the results of GRMHD simulations of a highly magne-
tized jet. There are two essential ingredients necessary
for efficient jet acceleration in the models: the degree of
jet magnetization near the jet base (often given by σ)
and the “differential collimation” of poloidal magnetic
fields. The former tells us about the amount of electro-
magnetic energy available for being converted into the jet
kinetic energy and thus determines the upper limit of jet
bulk Lorentz factor. The latter is realized when the in-
ner streamlines closer to the jet axis are more collimated
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than the outer ones, also known as the “magnetic noz-
zle” effect (e.g., Li et al. 1992; Vlahakis & Ko¨nigl 2003),
and it determines the efficiency of conversion from elec-
tromagnetic to kinetic energy.
Therefore, the observed slow jet acceleration may be
explained if the M87 jet is not highly magnetized at its
base. Mertens et al. (2016) have found a transition from
an efficient linear acceleration (Γ ∝ z0.56) to a slower ac-
celeration (Γ ∝ z0.16) occurring at ≈ 103 RS. The latter
profile at outer jet distances is in good agreement with
the acceleration profile we found, while the former at in-
ner distances is much steeper. This discrepancy might be
related with the fact that they used the fastest jet mo-
tions at a given distance bin for deriving the profiles (see
Section 6.3 for related discussions). They applied the
asymptotic solution of relativistic, axisymmetric MHD
equations in the far zone derived by Lyubarsky (2009) for
the case of the pressure of an external confining medium
(Pext) rapidly decreasing with distance from the central
engine, i.e., κ > 2 in Pext ∝ z−κ. This solution predicts a
transition of jet acceleration and collimation profiles from
the linear acceleration (Γ ∝ R ∝ zκ/4) with a parabolic
jet shape to a slower acceleration (Γ ∝ z(κ−2)/2) with a
conical jet shape. While Mertens et al. (2016) obtained
a good fit with the inferred value of κ ≈ 2.4 using this
model, a transition to the conical jet shape was not found
in the region they probed3 (Asada & Nakamura 2012).
They explained this contradiction with early saturation
of the Poynting flux, resulting in a quenched accelera-
tion. If this is the case, the assumptions of a Poynting
flux dominated jet, i.e., σ  1, used in the models may
not hold. The jet may have a relatively small initial mag-
netization parameter if it is launched in the inner part of
the accretion disk4 (e.g., Mertens et al. 2016; Kim et al.
2018).
In contrast, previous studies constrained the degree
of magnetization near the jet base of M87, based on VLBI
observations (Kino et al. 2014, 2015b; Kim et al. 2018).
They suggested that the jet base is highly magnetized,
which is in line with indirect observational evidence that
M87 is in a magnetically arrested disk (MAD, Narayan
et al. 2003; Tchekhovskoy et al. 2011) state (e.g., Zaman-
inasab et al. 2014; Park et al. 2019). If this is the case,
the distance at which the jet transitions from the lin-
ear acceleration regime to a slower acceleration regime
would be given by steady axisymmetric force-free elec-
trodynamic (FFE) solutions (Tchekhovskoy et al. 2008):
ztr = zfp
[
1
Ωfpzfp
C
2 sin2(θfp/2)
√
(2− ν)ν
]1/(1−ν)
, (3)
where zfp, Ωfp, and θfp are the distance from the central
engine, the rotational frequency, and the colatitude an-
gle at the footpoint of the local field line, respectively.
C is a numerical factor that depends on the field line
rotational profile, ν is the radial power-law index in the
3 We note that our recent study of Faraday rotation in the jet
at distances . 2× 105 RS suggests κ . 2 (Park et al. 2019), which
allows a parabolic jet shape without a transition to a conical shape
(Komissarov et al. 2009), as observed in this region.
4 We note, however, that GRMHD simulations consistently
found that gas outflows launched from the disk cannot reach rela-
tivistic speeds due to high mass-loading (e.g., Sadowski et al. 2013;
Yuan et al. 2015; Nakamura et al. 2018; Qian et al. 2018).
poloidal flux function of the initial magnetic field con-
figuration which describes the asymptotic shape of the
field line as z ∝ R2/(2−ν). Recent GRMHD simulations
found that the jet collimation profile of M87 is in good
agreement with the outermost parabolic streamline of the
FFE solution anchored to the black hole event horizon
on the equatorial plane (Nakamura et al. 2018). Based
on this result, one may use θfp = pi/2, ν = 0.89, and
C =
√
3. Ωfp and zfp depend on the black hole spin
which was estimated to be |a| & 0.2 for M87 (Doele-
man et al. 2012; EHT Collaboration et al. 2019e, see also
Nokhrina et al. 2019). Thus, the expected transition dis-
tance is ztr & 2.5 × 107 RS, indicating that the linear
acceleration profile of Γ ∝ z0.56 would be maintained in
the observed jet acceleration zone according to the FFE
model.
Therefore, the observed trend of jet acceleration
seems difficult to explain with the FFE model. It may
indicate that, if the jet is initially highly magnetized as
previous studies have suggested, there may be a lack of
differential collimation of poloidal fields in the M87 jet.
Indeed, recent GRMHD simulations showed that the dif-
ferential collimation proceeds in a complicated manner,
depending on the distance from the central engine and
the black hole spin (Nakamura et al. 2018). This indi-
cates that an efficient jet acceleration through the Poynt-
ing flux conversion predicted in the FFE models may
not be always achieved. In this case, the jet would still
remain Poynting flux dominated even beyond the accel-
eration and collimation zone5 (outside the location of
HST-1) because not all of the Poynting flux would be
converted into the kinetic energy6. We note that sev-
eral studies have pointed out that the M87 jet may be
highly magnetized on kpc scales from the observed mor-
phology and linear polarization structure (e.g., Owen et
al. 1989), the high energy γ-ray observations (Stawarz et
al. 2005), and the conical jet expansion observed in the
region where a surrounding interstellar medium is nearly
uniformly distributed (Asada & Nakamura 2012).
In our analysis and discussion above, we assumed
that the jet viewing angle is constant over the distance
range of our interest. However, one can see that local
changes of the direction of the jet ridge on the sky plane
are present in the VLBA images (Figure 8). Also, the jet
opening angle decreases with increasing distance (e.g.,
Junor et al. 1999; Asada & Nakamura 2012), which can
change the effective jet viewing angles at different dis-
tances. These effects may contribute to the observed jet
acceleration profile and the scatter of data points (Sec-
tion 6.3). However, the viewing angle constraints on mas
scales (e.g., Mertens et al. 2016) and arcsecond scales
(Biretta et al. 1999) are consistent with each other. Fur-
thermore, the VLBA images in Figure 8 suggest that
the jet morphology is globally straight on the sky plane
5 However, there is indication that the energy density of rela-
tivistic electrons is larger than that of magnetic fields by orders
of magnitude in the jets of several blazars (e.g., Kino et al. 2002;
Hayashida et al. 2015), for which most radio emission is thought
to come from beyond the acceleration and collimation zone (e.g.,
Marscher et al. 2008).
6 unless much of the jet electromagnetic energy is dissipated
into other forms of energy instead of being transferred into the jet
kinetic energy (e.g., Ostrowski 1998; Stawarz & Ostrowski 2002;
Giannios et al. 2009; Sironi & Spitkovsky 2014)
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at . 420 mas, indicating that the variation of the jet
viewing angle with jet distance would not be significant.
Therefore, we expect that the observed jet acceleration
profile would not be much affected by the assumption of
constant jet viewing angle, although quantitative exam-
ination is needed in future studies.
6.3. Multiple Streamlines and Velocity Stratification
The above discussion is based on the best-fit func-
tion of a simple power-law for the bulk Lorentz factor,
which may hold only for a single streamline in the FFE
models. However, it is possible that the observed jet
emission consists of multiple streamlines. In this case,
a more complicated jet velocity field with a signature
of velocity stratification is expected. Different stream-
lines may have different magnetization parameters (e.g.,
Tomimatsu & Takahashi 2003) and different collimation
profiles (e.g., Komissarov et al. 2007), which can result
in a lateral stratification in jet velocity. The distribution
of electric current flows within the jet, which is likely as-
sociated with the rotational velocity profile of the foot-
point of jet (e.g., Komissarov et al. 2007; Tchekhovskoy
et al. 2008; Komissarov et al. 2009), determines which
streamlines are more efficiently accelerated than other
streamlines. In the case of black-hole driven jets, the
outer jet layers become faster than the inner layers, which
may be associated with the limb-brightend feature seen
in M87. This is recently suggested by a semi-analytic
model (Takahashi et al. 2018) and GRMHD simulations
Nakamura et al. (2018). We note that additional mass-
loading of the jet by the interaction with the confining
wind could also contribute to the velocity stratification
(e.g., Chatterjee et al. 2019).
Indeed, we found the presence of dispersion in the
observed speeds at a given distance in both our KaVA
and VLBA data (see Figure 12). If the dispersion orig-
inates from different streamlines having different speeds
at the same distance, then it is difficult to discuss the effi-
ciency of Poynting flux conversion by comparing with the
bulk Lorentz factor profiles prediced by the FFE mod-
els, which are given by a single power-law for a single
streamline. We note that the different speeds observed
at HST-1 between optical (Biretta et al. 1999) and radio
wavelengths (Cheung et al. 2007; Giroletti et al. 2012;
Hada et al. 2015, see also Figure 12) may originate from
jet emission at different frequencies dominated by differ-
ent jet layers (e.g., Mertens et al. 2016; Kim et al. 2018;
Walker et al. 2018). This scenario may also be supported
by observations of different jet widths and linear polar-
ization structure between radio and optical on kpc scales
(e.g., Sparks et al. 1996; Perlman et al. 1999)
Alternatively, the fastest motions at a given distance
may represent the jet bulk motions, while slower mo-
tions are associated with instability patterns or outer
winds moving at sub-relativistic speeds launched by the
accretion disk, as suggested by Mertens et al. (2016).
In this scenario, the observed jet emission consists of a
single streamline. They selected the fastest 10% of the
speeds measured within individual distance bins, and
found a transition from an efficient linear acceleration
(Γ ∝ z0.56) to a slower acceleration (Γ ∝ z0.16) occurring
at ≈ 103 RS. The upper envelopes of speeds used in their
study, shown with the dotted lines in Figure 12, seem to
be consistent with our data points as well. Mertens et al.
(2016) suggested that the presence of a transition may
imply that the jet is not initially highly magnetized and
early saturation of the Poynting flux conversion results
in a quenched acceleration, as discussed in Section 6.2.
The slow inward motions detected by our WISE analysis
(see Figures 7 and 11) may be in line with this scenario.
Those motions could be produced by instabilities and/or
turbulence in the jet.
It is difficult to determine whether the observed ve-
locity dispersion originates from (i) multiple streamlines
following different acceleration profiles or (ii) fast bulk
jet motions and slow outer winds/instability patterns
with the data presented in this study. These scenarios
can be tested by observing a systematic acceleration of
the lower envelope of the velocity field, which would be
difficult to be reproduced by instability patterns (e.g.,
Hardee 2000; Lobanov et al. 2003; Hardee & Eilek 2011)
or winds launched from hot accretion flows (e.g., Yuan et
al. 2015). We note that the fraction of relativistic speeds
seems to be higher at larger distances, e.g., 7/15 and
9/12 for distances of 200–300 and 300–400, respectively
(Figure 11), although the small number of data points
prevents us from confirming the existence of the lower
envelope acceleration.
6.4. Current Limitations and Future Prospects
We remark on the limitations of our present study
and address the need for future studies. As was explained
in Section 4.4, we applied various methods for the jet
kinematics because each method has its own advantages
and disadvantages. Therefore, the dispersion in the ob-
served speeds at a given distance bin (the left panel of
Figure 7) may simply arise due to potential systematic
errors in the different methods. However, the disper-
sion may not be solely due to these errors because many
previous studies which use a single kinematic method
have shown non-negligible dispersion at a given distance
bin (see, e.g., the right panel of Figure 7 and references
therein). Although we see an indication of underlying
fast flows in the re-brightened jet regions, this needs to
be confirmed with higher resolution data. Also, it is nec-
essary to perform a jet kinematic analysis for the distance
range of 104 − 105 RS with higher resolution data to fill
in the gap in the current velocity field diagram. The
above limitations require dedicated monitoring observa-
tions with a high angular resolution, sensitivity, and an
observing cadence in the future. On-going and future
monitoring observations with the EAVN will be impor-
tant in this regard (Y. Cui et al. 2019, in preparation).
7. CONCLUSIONS
We have studied the kinematics of the M87 jet with
KaVA monitoring observations performed in eight epochs
in 2016 quasi-simultaneously at 22 and 43 GHz. We
also performed a complementary kinematic analysis of
the VLBA archive data observed in 19 epochs between
2005 and 2009 at 1.7 GHz. Our work leads us to the
following principal conclusions:
1. We found that the apparent jet speeds generally
increase from ≈ 0.3c at ≈ 0.5 mas from the core
to ≈ 2.7c at ≈ 20 mas, which indicates that the
jet is accelerated from subluminal to superluminal
speeds on this scale, as recent studies have suggested
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(Mertens et al. 2016; Hada et al. 2017; Walker et al.
2018).
2. We found that the jet moves at relativistic apparent
speeds up to ≈ 5.8c at distances ≈ 200 − 410 mas.
Combined with the kinematic results for the inner
jet regions, the M87 jet seems to gradually acceler-
ate over a broad distance range from 102 to a few
×105 RS, while it is being gradually collimated si-
multaneously, as the magnetic jet acceleration mod-
els predict.
3. We observe relativistic jet motions at speeds of up
to ≈ 2.7c in the apparent stationary features at dis-
tances of ≈ 20 and 165 mas. This indicates that
those features may not be physically stationary but
result from the re-brightening of the jet.
4. Both jet kinematic analysis using VLBI monitoring
observations and an analysis of the brightness ratio
of the jet and counterjet suggest that the jet is mov-
ing at subluminal speeds at de-projected distances
. 500 RS. This result indicates that the jet is in a
non-relativistic regime up to distances considerably
larger than what previous GRMHD simulations pre-
dicted.
5. We first compared the observed trend of jet ac-
celeration with the models of highly magnetized
jets, based on the assumption that the jet emis-
sion consists of a single streamline. We described
the observed jet speeds at distances of ≈ 600 −
200, 000 RS with a simple power-law function for
the bulk Lorentz factor and obtained Γ ∝ z0.16±0.01.
This profile is much flatter than the model pre-
diction. This result indicates that the jet is not
highly magnetized near its base and early satura-
tion of Poynting flux leads to the flat acceleration
profile, or the jet is highly magnetized but Poynting
flux conversion through the differential collimation
of poloidal magnetic fields in the jet may not be very
efficient.
6. However, we found that there is a non-negligible dis-
persion in the observed speeds at a given distance
both at . 20 mas and ≈ 200 − 410 mas. This sug-
gests that the jet velocity field of M87 may be strat-
ified. In this case, the above interpretation based
on a simple power-law fitting could be oversimpli-
fied. The dispersion may originate from either mul-
tiple streamlines following different acceleration pro-
files in the jet or from faster bulk jet motions and
slower outer winds/instability patterns. Investigat-
ing whether there is a systematic acceleration of the
lower envelope of the jet speeds with future VLBI
observations will be important to test these scenar-
ios.
We finally remark on that the results presented in
this paper are derived from the radial kinematic analysis
using the first year data observed with KaVA in our large
program. Different types of analysis such as the spectral
evolution between 22 and 43 GHz and jet motions in the
transverse direction to the jet axis using these data will
be presented elsewhere (H. Ro, et al. 2019, in prepa-
ration). Furthermore, our program has begun using the
EAVN extensively since 2017 with shorter intervals down
to ∼ 5 days for specific periods, which allows us to obtain
high-quality images of the jet extended down to ∼ 30 and
∼ 10 mas at 22 and 43 GHz, respectively. The results
using these data will be presented in forthcoming papers
(Y. Cui, et al. 2019, in preparation). Thanks to the ad-
vent of millimeter VLBI arrays such as the EHT (e.g.,
EHT Collaboration et al. 2019a) and the global millime-
ter VLBI array (GMVA; e.g., Hodgson et al. 2017; Kim
et al. 2018), resolving the horizon-scale structure of ac-
creting and outflowing matters has been realized. We
stress that continued monitoring observations with cen-
timeter VLBI arrays such as the EAVN in synergy with
mm-VLBI observations will contribute to complete the
picture of jet launching, acceleration, and collimation.
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Fig. 13.— Same as Figure 6 but showing whole displacement vectors of the SSPs detected by WISE for the KaVA data at 22 GHz. The
results for six different SWD/IWD scales are shown in the stacked CLEAN maps shifted along the y-axis.
APPENDIX
WISE ANALYSIS OF KAVA DATA
In Section 4.3, we present the results of an application of the WISE technique to our KaVA data. In this appendix,
we present all of the displacement vectors of SSPs on different SWD/IWD scales.
In Figures 13 and 14, we show the displacement vectors on top of the stacked CLEAN maps at 22 and 43 GHz,
respectively. The results for six different scales are displayed on the maps shifted along the y-axis. Some of the
displacement vectors obtained on different scales in the same parts of the jet are found to be significantly different
from each other. Sometimes, we see gradual outward motions with relatively fast speeds on larger scales, while we see
slower or quasi-stationary motions on smaller scales. For example, this behavior is seen at distances ≈ 3.5 and ≈ 5 mas
at 22 GHz. On the other hand, sometimes we observe faster motions on smaller scales and slower or quasi-stationary
motions on larger scales. For example, this behavior is seen at ≈ 1.5 mas at 43 GHz. The scale dependence becomes
more prominent on the largest scales especially at 22 GHz. We see negative motions at fast speeds at ≈ 4 and ≈ 10
mas, while gradual outward motions or stationary motions are observed in the same parts on smaller scales.
Previous studies of the jet kinematics for M87 (Mertens et al. 2016) and for the nearby radio galaxy 3C 264
(Boccardi et al. 2019) using WISE found that the results on various SWD/IWD scales are consistent with each other.
Thus, they selected the result on the finest scale, which provides the highest effective spatial resolution among different
scales. However, we found non-negligible scale dependence for our KaVA data. Since our data have a smaller sampling
interval (≈ 2 weeks) compared to the previous studies (& 3 weeks), the limited angular resolution of KaVA could be a
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Fig. 14.— Same as Figure 13 but for the KaVA data at 43 GHz.
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Fig. 16.— Apparent speeds in units of the speed of light as functions of projected distance from the core in units of mas detected by the
WISE analysis of the VLBA 1.7 GHz data (magenta filled circles) and of the hundred shuffled data (grey dots) for an asymmetric (left)
and symmetric (right) velocity range contraints used for matching SSPs. The speeds for vectors identified in more than seven successive
epochs are shown. The green and yellow solid lines represent un-weighted binned data for the original and shuffled data, respectively.
reason for the scale dependence. Our future, high-resolution observations with the EAVN will be helpful for confirming
this conjecture. Based on this argument, we selected the results of the finest scales as our representative WISE result
in Section 4.3.
In Figure 15, we present the apparent speeds derived from the detected displacement vectors presented in Fig-
ures 13 and 14, together with those obtained in our modelfit analysis (Section 4.1 and 4.2), as functions of projected
distance from the core. As already noted in Section 4.4, the speeds of the fast motions are consistent with the modelfit
results, while much slower motions are also detected by WISE.
WISE ANALYSIS OF VLBA DATA
In this appendix, we present several tests for our WISE results by using the VLBA 1.7 GHz data, which provide
us with a number of detected WISE vectors and good statistics. To ensure that our WISE results represent real jet
motions instead of random motions produced by potential mis-identification of SSPs in adjacent epochs, we generate
one hundred randomly shuffled data sets and perform the WISE analysis with the same parameters used for the original
data. In the left panel of Figure 16, we show the apparent speeds of the original data (magenta data points) and the
random data set (grey dots) as functions of distance. Interestingly, they show quite similar distributions, which can
also be seen by the un-weighted binned data points (the solid lines).
We found that this result is due to the asymmetric velocity constraint along the jet direction applied for the
MCC analysis (Section 5.2). The overall distances between matched SSPs in adjacent epochs become larger at larger
distances probably because the jet is better resolved and the jet moves at faster speeds. Thus, one can naturally expect
a random distribution of apparent speeds with zero means and with its standard deviation becoming larger at larger
distances for the shuffled data. However, the asymmetric velocity constraint discards most of the detected negative
speeds. Therefore, the overall acceleration trend appears for the shuffled data as well.
We perform the WISE analysis for both the original data and one hundred shuffled data again but using a
symmetric velocity range constraint of [−58, +58] mas/year. Their apparent speed distributions are presented in the
right panel of Figure 16. The shuffled data show symmetric distributions of the speeds with respect to zero speeds at all
distances, as expected, while the original data preferentially show positive speeds. These trends are also demonstrated
by the un-weighted binned data points, showing an acceleration feature for the original data and zero speeds for the
shuffled data. The overall trends detected in the original data for symmetric and asymmetric velocity range constraints
are in good agreement with each other, although the latter case generally shows higher speeds because any negative
velocity vector faster than −7 mas/year between adjacent epochs is not captured. In Figure 17, we present the
histograms of the apparent speeds of the original and shuffled data. Their histograms are clearly distinct, suggesting
that they follow different probability distribution functions. This indicates that our WISE results capture intrinsic jet
motions rather than randomly produced motions due to a chance alignments.
However, it is difficult to quantitatively estimate the probability that at least some of the observed vectors are
not intrinsic to the source. One can expect that the probability would depend on the minimum number of successive
epochs for matching SSPs. The larger the minimum number is, the less probability for false detection due to a chance
alignment. We compare the standard deviations of the histograms of the original and shuffled data for different
minimum epoch numbers in Figure 18. The standard deviation of the shuffled data decreases with increasing epoch
number because very fast motions picked up by chance cannot be sustained for a large number of successive epochs.
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Fig. 17.— Histograms of apparent speeds of vectors identified in more than seven successive epochs by WISE for the original (left) and
the hundred shuffled VLBA data (right). The means and standard deviations are noted in the upper left parts.
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Fig. 18.— Standard deviation of the histograms of apparent speeds detected by WISE for the original (orange filled diamonds) and
shuffled VLBA data (blue filled diamonds) as functions of minimum number of successive epochs used for matching SSPs.
However, the standard deviation of the original data does not decrease substantially for minimum epoch numbers
larger than four or five. This test indicates that many of potential random motions picked up by mis-identification
in the original data would disappear if we use SSPs matched in more than four or five successive epochs. However,
there are still many motions detected in the shuffled data with the standard deviation similar to that observed in the
real data for the minimum epoch numbers of four or five. This indicates that one should use a long length-chain such
as seven or eight successive epochs, if possible, to obtain robust results. Therefore, we used SSPs matched in more
than seven successive epochs for our VLBA data (Section 5.2), for which we have 19 epochs in total. However, we
could not use such a long length-chain for our KaVA data observed in only 8 epochs. Thus, we used a length-chain of
four successive epochs but used a higher correlation threshold in the MCC analysis to reduce the probability of false
detection (Section 4.3).
Lastly, we compare the WISE results of the VLBA data on different SWD/IWD scales. The left panel of Figure 19
shows the apparent speeds on different scales as functions of distance. We could observe non-negligible differences in
the speeds at several locations but their overall distributions are quite similar to each other. The right panel shows
un-weighted binned data points with a bin size of 20 mas, which confirms the similar trends on different scales. The
results are also consistent with the modelfit results. Thus, we select the results of the finest scale as our representative
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WISE results for the VLBA data in Section 5.2, which provides the highest effective spatial resolution.
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